Most soil bacteria belong to family-level phylogenetic groups with few or no known cultivated representatives. We cultured a collection of 350 isolates from soil by using simple solid media in petri dishes. These isolates were assigned to 60 family-level groupings in nine bacterial phyla on the basis of a comparative analysis of their 16S rRNA genes. Ninety-three (27%) of the isolates belonged to 20 as-yet-unnamed family-level groupings, many from poorly studied bacterial classes and phyla. They included members of subdivisions 1, 2, 3, and 4 of the phylum Acidobacteria, subdivision 3 of the phylum Verrucomicrobia, subdivision 1 of the phylum Gemmatimonadetes, and subclasses Acidimicrobidae and Rubrobacteridae of the phylum Actinobacteria. In addition, members of 10 new family-level groupings of subclass Actinobacteridae of the phylum Actinobacteria and classes Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria of the phylum Proteobacteria were obtained. The high degree of phylogenetic novelty and the number of isolates affiliated with so-called unculturable groups show that simple cultivation methods can still be developed further to obtain laboratory cultures of many phylogenetically novel soil bacteria.
For over 80 years it has been known that there is a large discrepancy between the number of bacterial colonies that form on solid media when soil is used as an inoculum and the total number of bacterial cells actually present in that same soil (9, 23, 40) . This discrepancy has limited our understanding of the species diversity of soil bacterial communities. In the past decade, this limitation has been partially overcome through the application of molecular ecological techniques. In particular, comparative analysis of 16S rRNAs or 16S rRNA genes derived from nucleic acids extracted directly from soil has revealed the presence of many new groups of bacteria that were previously undetected in cultivation studies (2, 11-13, 16, 19, 21, 26, 28, 32, 35) . Some of these groups appear to be important within soils, at least in terms of relative abundance of 16S rRNAs or 16S rRNA genes. However, these numerically abundant bacteria are rarely, if ever, isolated in cultivation experiments, which instead tend to result in the isolation of bacteria that appear to be minor components of the soil bacterial community (1, 12, 16, 35) . As a consequence, traditional cultivation techniques such as plate counting methods have been increasingly considered inadequate, and new, more sophisticated techniques have been developed for the isolation of novel bacteria from complex microbial habitats. These methods include the use of micromanipulators and optical (laser) tweezers (14) , the construction of simulated natural environments (24) , and cell encapsulation in gel microdroplets (43) . Such methods are specialized and unlikely to be adopted by the broader scientific community, and so the challenge of obtaining cultures of the large number of "unculturable" bacterial groups seems a daunting one. The only avenues currently available for the study of uncultured bacteria are cultivation-independent molecular ecological techniques that have proved to be very powerful for the study of bacteria in their natural settings (18) . Parallel study of laboratory cultures would, however, strongly complement molecular ecological investigations and enhance research into the roles of soil bacteria and their biotechnological potentials. Assigning functions to bacteria known only by their 16S rRNA genes is a difficult task, and detailed investigations of their physiologies and genomes are even more challenging. The availability of pure cultures greatly simplifies such studies.
We suggest that for many of the "unculturable" groups of bacteria that have been detected in soil by molecular biological techniques, no great innovations are required and that the growth of these microorganisms in pure culture with simple media is straightforward and reproducible. We have previously shown that microorganisms from widely distributed groups with few or no previously isolated representatives can be isolated by simple methods that can be readily implemented (22, 37) . Here we report the results of the application of these methods to generate a collection of 350 isolates of soil bacteria.
MATERIALS AND METHODS
Soil sampling. Soil cores were collected from a rotationally grazed pasture of perennial ryegrass (Lolium perene) and white clover (Trifolium repens) (22, 37) A clean 25-mm-diameter metal corer was used to obtain 100-mm-long soil cores, which were transported intact at ambient temperature in sealed polyethylene bags and processed within 3 h of collection. The upper 30 mm of each core was discarded, and large roots and stones were removed from the remainder, which was then sieved through a sterile brass sieve with a 2-mm aperture size (Endecotts Ltd., London, United Kingdom) and used immediately for dry weight determination and cultivation experiments.
Cultivation. Soil samples were dispersed in distilled water, treated by sonication, diluted, and spread onto solid media in petri dishes as described by Janssen et al. (22) . The diluent was the VL55 medium (37) without added growth substrates or vitamins for all experiments except those in which petri dishes containing medium based on LN55 medium (see below) were inoculated, for which the diluent was LN55 medium without added growth substrates or vitamins. These cultivation dishes were incubated at 25°C for up to 3 months.
The majority of media were based on VL55 medium (37) but with the xylan replaced by other growth substrates as appropriate (see below) and solidified either with agar (35) or with 0.8% (wt/vol) gellan (Phytagel; Sigma). In some media (labeled LN55), the (NH 4 ) 2 HPO 4 of the VL55 medium base was replaced with KH 2 PO 4 at the same molarity. The growth substrates were added to these media from concentrated stocks that were sterilized by autoclaving (in the case of polymers) or by passage through Minisart sterile filters (Sartorius AG, Göt-tingen, Germany) with a pore size of 0.22 m. The growth substrates and their final concentrations in the solidified media were as follows: N-acetylglucosamine, 2 mM; a mixture of D-glucose, D-galactose, and D-xylose, and L-arabinose, 0.5 mM each; a mixture of D-galacturonic acid, D-glucuronic acid, L-ascorbic acid, and sodium D-gluconate, 0.5 mM each (stock adjusted to pH 7 with NaOH); a mixture of sodium acetate, sodium benzoate, sodium L-lactate, and methanol, 0.5 mM each; an amino acid mixture (20) with 0.08 g of L-tryptophan per 100 ml of stock solution added at 10 ml of stock solution per liter of medium; sodium alginate, 0.05% (wt/vol); xanthan, 0.05% (wt/vol); pectin, 0.05% (wt/vol); xylan, 0.05% (wt/vol); and carboxymethylcellulose, 0.05% (wt/vol). Some media were also prepared without an added substrate.
Other media used were dilute nutrient broth solidified with agar or gellan (22), cold-extracted soil extract agar (34) containing only 1/10 of the nutrient solution, Winogradsky's salt solution agar (41), and 10-fold-diluted tryptone soy broth (Oxoid) with bacteriological agar no. 1 (Oxoid) to give a final agar concentration of 15 g per liter.
Cultures were randomly selected and subcultured as described by Sait et al. (37) . The cultures reported here originated from plates that had been inoculated with dilutions of soil so that the theoretical amount of dry soil per plate was 1.7 ϫ 10 Ϫ8 to 2.1 ϫ 10 Ϫ8 g. Phylogenetic inference. 16S rRNA gene sequences were determined by the methods described by Sait et al. (37) . The partial and nearly complete 16S rRNA gene sequences were imported into an ARB database (http://www.arbhome.de/), aligned, and inserted into a main tree with the parsimony insertion tool. An evolutionary distance tree of the nearly complete sequences and related family and phylum representatives was calculated by using the Olsen substitution model and the neighbor-joining tree-building algorithm (37) . Phylum-level representatives used to determine the depths of the phylum groups were removed from the final tree ( Fig. 1 ), but the depth of each phylum is indicated in Fig. 1 . The robustness of the inferred topology was confirmed by evolutionary distance and maximum-parsimony bootstrap resampling and by varying the outgroup composition as previously described (10) . The data set is available upon request. Family-level assignments were based on monophyly of the isolate sequences with existing families, orders, classes, and phyla. If the sequences were not reproducibly affiliated with recognized families (17) within a higher-level grouping, e.g., the Ellin5078 sequence and related sequences in the class Gammaproteobacteria, novel families were proposed as the most conservative estimates of novel groups with higher rankings than species and genus. Novel families are labeled with the names of representative isolates or cloned 16S rRNA or 16S rRNA gene sequences. The nomenclature for phylogenetic and taxonomic groupings follows that of Garrity et al. (17) except for that for the subdivisions of the phyla Acidobacteria and Verrucomicrobia, which follows the schemes of Hugenholtz et al. (21) ; that for the subdivisions of the phylum Planctomycetes, which follows the scheme of Fuerst et al. (15) ; and that for the subdivisions of the phylum Gemmatimonadetes, which follows the scheme of Zhang et al. (44) .
Family-level diversity estimates. Estimates of total numbers of families with culturable members were obtained by using an abundance-base coverage estimator (7) and Chao's richness estimator (6) implemented in EstimateS (version 5; R. K. Colwell; available at http://viceroy.eeb.uconn.edu/estimates).
Nucleotide sequence accession numbers. All partial 16S rRNA gene sequences obtained in this study have been deposited in the GenBank databases under accession nos. AY234418 to AY234767.
RESULTS AND DISCUSSION
We obtained 350 isolates of bacteria from a series of soil cores collected on different dates from one location. These isolates were subcultured from randomly selected colonies that appeared on plates of a range of media. The plates had been inoculated with the most diluted aliquots of soil that had resulted in colony formation. The soil was substantially root free but still contained fine roots and also contained soil animals and protozoa, and so the exact source of each of the isolates cannot be exactly defined. The isolates were identified by comparative analysis of their 16S rRNA genes and assigned to different families of nine bacterial phyla (Fig. 1) on the basis of reproducible phylogenetic affiliation, i.e., high bootstrap proportions (Ͼ75%) supporting family groupings under a range of outgroup configurations (10) . 16S rRNA genes were only partially sequenced (ca. 400 to 450 bp) if they had matches Ͼ97% identical to full-length 16S rRNA gene sequences with unambiguous family assignments. For example, the 400 bp of sequence information obtained for the 16S rRNA gene of isolate Ellin5005 is 99.8% identical to the corresponding region of the 16S rRNA gene of Bradyrhizobium japonicum, and the isolate is therefore a member of the family Bradyrhizobiaceae. Extended sequence information for the 16S rRNA gene was obtained for isolates that we identified as belonging to phylogenetic groups with few cultivated representatives or for which more sequence information was required to confirm familylevel affiliations (see below). A detailed listing of the isolates, including the details of the soil sample from which each was isolated, the medium on which each was isolated, their phylogenetic affiliations, and the GenBank accession numbers of their 16S rRNA gene sequences, is available from the corresponding author.
The 350 isolates were affiliated with 17 class-level groups and could be assigned to a total of 60 different family-level groups (Table 1) . Of these 60 family-level groups, 20 (33%) did not encompass validly named or described species. Ninetythree (27%) of the isolates belonged to these novel family-level groups. A further 15 isolates (4%) fell into four family-level groups that have not been formally described but to which some validly named species clearly belong. We have provisionally designated these families "Microthrixaceae," "Thermoleophilaceae," "Isosphaeraceae," and "Rhodoplanaceae" (Table  1) . Altogether, these family-level affiliations represent a high degree of phylogenetic novelty within the collection of 350 isolates (Fig. 1) . The number of isolates that are likely to fall into new genera or new species is even higher. However, since genus-and species-level affiliations should be determined on the basis of shared phenotypic characteristics, extensive characterization of the isolates would be required before relationships below the family level could be resolved. Estimates of the total number of families with members that might be culturable from these samples by the approaches employed in this study were 80 (obtained by using an abundance-base coverage estimator) and 84 (obtained by using Chao's richness estimator). This finding suggests that increasing the number of isolates screened would have revealed yet further family-level diversity.
Since the purpose of this study was not to compare the media used, equal numbers of isolates were not obtained for 4). On the basis of the occurrence of their 16S rRNA and 16S rRNA genes, members of the phylum Acidobacteria are widely distributed in soils and have been shown to be active members of soil bacterial communities (2, 13, 16, 21, (26) (27) (28) 32) . To date, only 14 isolates from soil have been reported (22, 25, 29, 36, 37) , 11 of which are from the Ellinbank site (22, 37) . In this study, we greatly extend the number of reported isolates, with a total of 37 (11%) of our isolates belonging to different family- Only a single isolate of the phylum Verrucomicrobia was obtained in this study, but it is the first cultured representative of subdivision 3 of this phylum. This subdivision has previously been defined only on the basis of 16S rRNA genes from various habitats (21) . The phylum Verrucomicrobia is a recently recognized and little-studied bacterial lineage that is proving to be widespread, often numerically abundant, and active in the environment (2, 4, 11, 21, 27, 33) . The lack of isolates of the soil-inhabiting groups has severely hampered investigation of the biology of members of this phylum.
The phylum Gemmatimonadetes is a very recently described bacterial group whose members, on the basis of data generated from surveys of 16S rRNA genes amplified directly from environmental DNA, are widespread in nature, particularly in soil habitats (2, 27, 28, 31, 33, 44, 45) . Only one cultured representative of this phylum, Gemmatimonas aurantiaca, an isolate obtained from activated sludge, has previously been reported (44) . The three strains obtained in the present study are the first soil isolates and, although they belong to the same subdivision as the single described representative, G. aurantiaca, their 16S rRNA genes are 7 to 8% divergent from those of G. aurantiaca and 5 to 7% divergent from each other. These three isolates therefore extend the phylogenetic coverage of this phylum by cultured representatives.
Even within well-characterized phyla for which hundreds of isolates have been described, significant phylogenetic novelty was also observed in our collection of 350 isolates. The majority of soil-inhabiting members of the phylum Actinobacteria belong to three subclasses, the Rubrobacteridae, the Acidimicrobidae, and the Actinobacteridae. Members of these major soil-inhabiting groups were isolated. The subclass Rubrobacteridae contains only a few known, thermophilic isolates in the genera Rubrobacter (5, 39) and Thermoleophilum (42) , in addition to two very recently described genera of soil bacteria (see below). The subclass Acidimicrobidae consists of a handful of isolates belonging to the genus Acidimicrobium, obtained from acid mine drainage sites (8) , and the candidate genus "Microthrix," obtained from wastewater (3) . To date, only six soil-derived isolates of the subclass Rubrobacteridae and no soil-derived isolates of the subclass Acidimicrobidae have been reported, despite members of both groups being abundant in soils worldwide (2, 16, 19, 28, 35) . Four of the six previous soil isolates of the subclass Rubrobacteridae came from the Ellinbank sample site (22, 37) , while the other two isolates have been assigned to the newly described species Conexibacter woesei (30) and Solirubrobacter pauli (38) . In this study, we cultured eight further isolates of the subclass Rubrobacteridae and the first three soil isolates of the subclass Acidimicrobidae, thus greatly extending the range of cultured representatives of these groups.
In addition to members of the poorly characterized subclasses Rubrobacteridae and Acidimicrobidae of the phylum Actinobacteria, 25 isolates were found to belong to four new families of the well-studied subclass Actinobacteridae of the same phylum. Members of the subclass Actinobacteridae, represented by at least 129 recognized and named genera in 40 named families (17) , are important sources of antibiotics and other bioactive compounds and have been the subject of intensive and extensive searches for novel strains. Obtaining isolates from phylogenetically novel groups within the subclass Actinobacteridae is a significant objective of such searches, since such isolates are likely to yield chemically different secondary metabolites that may be active antibiotics to which widespread resistance does not yet exist. In our study, the ease with which multiple isolates of four novel families (encompassing 7% of the isolates) were obtained in culture suggests that there is still considerable scope for culturing phylogenetically distinct members of this group. Four novel families extend the family-level diversity of this subclass by 10%.
The phylum Proteobacteria is represented by a large number of described species, including at least 429 named genera in 72 named families (17) . Even so, analysis of soil bacterial communities by directly surveying 16S rRNA or 16S rRNA genes has revealed the presence of many clades at the genus, family, and order levels that are not represented by named species (2, 13, 16, 26, 28, 32) . Thirty (9%) of our isolates belong to six novel families of this well-studied phylum, thus expanding the known family-level diversity even within this well-represented phylum by 8%.
Our earlier studies, based on only two medium types (22, 37) , found that members of previously unstudied groups of soil bacteria can be isolated by traditional plate cultivation methods. This extended study shows that such isolation is reproducible, with many of the isolates from the earlier studies falling into the same family-level groupings as the isolates obtained in this study (data not shown). In addition, increasing the number of isolates studied has yielded further novel bacteria. Many were the first cultivated representatives of new family-level groupings. Analysis of our collection also reveals that had we screened more isolates, yet more family-level diversity would have been obtained in culture. It is to be expected that some of these isolates would also be representatives of further so-called unculturable or as-yet-uncultivated bacteria.
In conclusion, we feel that it is not correct to assert that the majority of soil bacteria cannot be studied by cultivation-dependent methods. Instead, it should be recognized that many of these bacteria will in fact be readily culturable. Whether the effort to cultivate them is warranted depends greatly on the aims of individual investigations. The approach we have taken allows the random isolation of novel bacteria, some of which may be of interest for specific reasons. This isolation will allow investigation of the properties of these novel bacteria. Culturebased approaches are therefore still a powerful qualitative tool that can be used in conjunction with molecular ecological methods to investigate the functions of many as-yet-uncultivated bacteria.
